Analyses of ashed muscle tissue show that the uptake of Ca 46 by isolated frog heart ventricles from normal Ringer's solution containing 1 mM Ca reaches a maximum value in about 30 minutes of perfusion which is not exceeded after 3 hours of perfusion. The average amount of this labeled Ca taken up from normal Ringer's is 0.7 mM/kg, wet weight of muscle. In contrast to this, the amount of labeled Ca taken up by ventricles perfused with Kfree Ringer's increases at a linear rate over a 60 minute period to twice the normal value coinciding with the gradual development of contracture and coinciding with a cellular K loss and Na gain of about 30 mM/kg. How much of the extra labeled Ca taken up from K-free Ringer's represents a net gain in cellular Ca content is not known. However, evidence has been obtained that some of this labeled Ca enters an intracellular compartment. EDTA in K-free Ringer's solution causes relaxation of ventricles in contracture and also renders the muscle fibers indiscriminately permeable. This indicates that a combination of Ca with sensitive intracellular sites is probably the cause of the K lack contracture.
Analyses of ashed muscle tissue show that the uptake of Ca 46 by isolated frog heart ventricles from normal Ringer's solution containing 1 mM Ca reaches a maximum value in about 30 minutes of perfusion which is not exceeded after 3 hours of perfusion. The average amount of this labeled Ca taken up from normal Ringer's is 0.7 mM/kg, wet weight of muscle. In contrast to this, the amount of labeled Ca taken up by ventricles perfused with Kfree Ringer's increases at a linear rate over a 60 minute period to twice the normal value coinciding with the gradual development of contracture and coinciding with a cellular K loss and Na gain of about 30 mM/kg. How much of the extra labeled Ca taken up from K-free Ringer's represents a net gain in cellular Ca content is not known. However, evidence has been obtained that some of this labeled Ca enters an intracellular compartment. EDTA in K-free Ringer's solution causes relaxation of ventricles in contracture and also renders the muscle fibers indiscriminately permeable. This indicates that a combination of Ca with sensitive intracellular sites is probably the cause of the K lack contracture.
I N T R O D U C T I O N
An extensive a m o u n t of evidence suggests t h a t calcium ions initiate and regulate contraction in h e a r t muscle (4, 7, 14) , b u t there is c o m p a r a t i v e l y little information a b o u t the h a n d l i n g of calcium ions by h e a r t muscle cells. H o wever, it has been d e m o n s t r a t e d (12, 15) that the a m o u n t of labeled calcium taken up b y frog h e a r t muscle is increased b y omitting potassium f r o m the perfusate and it is well k n o w n t h a t a lack of extracellular potassium, like an excess of calcium, increases the force of contraction. In the present investigation an a t t e m p t has been m a d e to correlate m o r e precisely the contractile effects of potassium deficiency with the cellular m o v e m e n t s of Ca 45, potassium, and sodium in isolated frog h e a r t ventricles.
This work was carried out under research grant H2298 from the National Heart Institute of the United States Public Health Service. Initial support was also received from the American Philosophical Society.
Methods
The frogs used in this work were large sized male Rana pipiens all obtained from the same supplier, and they included both summer and winter frogs. They were stored in water in the refrigerator until 24 hours prior to an experiment and then allowed to warm up slowly to the room temperature of 21-24°C. The laboratory was airconditioned to maintain this temperature range throughout the course of all experiments. The millimolar concentrations of materials in the Ringer's solutions used for perfusion were based on the data given by Boyle and Conway (2) and were as follows: NaC1, 91.3; NaHCO3, 6.3; dextrose, 25.0; KC1, 2.5; CaC12, 1.0. When $8504 was used in the Ringer's, additional Na2SO4 was added to make the total sulfate concentration I mM. The aeration gas was a mixture containing 1 per cent CO2 and 99 per cent 02. The radioisotopes used to label the perfusates were the Ca-45-P-3 high specific activity Ca 45 and S-35-P-1 carrier-free SssO4 preparations supplied by the Oak Ridge National Laboratory.
The perfusion system was similar in several respects to the one described by Hajdu (6) . The cannulas, which resembled common medicine droppers in general shape, measured 9 mm. inside diameter throughout the length of the barrel and 1 mm. inside diameter throughout the length of the tip. The tips were made as short as practicable (10 ram.) to minimize dead space. A ventricle, after it had been washed free of blood, was isolated on a cannula tip by a tie placed around the atrioventricular groove. Perfusion thus consisted of an in and out flow through the tip between cannula and ventricle during each contraction cycle. Thorough mixing and aeration of the perfusate within the cannula were maintained by supplying the aeration gas to the bottom of the cannula barrels through small polyethylene tubing. The cannulas were mounted through rubber stoppers, containing stimulating electrodes, and the stoppers were inserted into side arm test tubes so that the ventricles were enclosed in a moist, air-filled chamber. A standard procedure for perfusion was adopted as follows: The cannulated ventricles were mounted in a linear rack equipped with aeration and stimulator outlets for eight preparations. The preparations were always set up in the sequence corresponding to the removal of the hearts from the frogs and were perfused with frequent changes of normal non-labeled Ringer's from 30 minutes to as long as 90 minutes prior to the beginning of the labeling period. At this time the solutions were changed simultaneously in all cannulas to 2 ml. of labeling solutions. These were changed at 10 minute intervals for fresh labeling solutions throughout the rest of the perfusion period. Usually either four or six ventricles were perfused simultaneously in each experiment; and when these were to be labeled for the same length of time, alternate ventricles in the linear sequence were labeled with experimental and control solutions.
In all experiments, except as indicated later, the ventricles were perfused under their own power and were electrically stimulated at a frequency of 20 stimuli per minute. However, in certain specific experiments it was necessary to maintain perfusion by mechanical means. This was accomplished by rhythmically varying the air pressure in the chambers surrounding the ventricles. The side arms of the chambers were connected to a source of moist air under pressure through a solenoid valve which was activated by the stimulus timer. The valve remained open for 1 second after the stimulus thus emptying the ventricles and then closed for the remaining interval between stimuli. During this time the air leaked out of the chambers through a small orifice and the ventricles refilled.
A stroke volume-recording technique was employed to monitor perfusion rate periodically as follows: The aeration tube was removed from a cannula, and a pressure transducer was plugged into the top of the cannula. The small pressure changes in the air space above the perfusate caused by movement of perfusate in and out of the cannula were then recorded with an electronic pen writer. A hypodermic syringe connected into the cannula air space was used to provide a volume calibration mark with each recording.
In the preparation of tissue for chemical analysis, the external surface of a ventricle was washed with isotonic glucose for 30 seconds while on the cannula; and then the tip of the ventricle was cut off, split, blotted between two pieces of filter paper, and weighed. During the initial part of the work the tissue was simply allowed to dissolve in warm concentrated nitric acid overnight, and an aliquot of this digest was evaporated on glass planchets for Ca 45 counting. However, occasional high counts in one member of a group of two or three supposedly identical planchets were traced to small fragments of undigested (probably lipid) material. Apparently this undigested material retained a significant amount of bound Ca 45. In all subsequent work, including all experiments in which Na, K, and SS504 as well as Ca 45 were determined, digestion was carried out in test tubes by a modification of the "wet-dry" ashing procedure of Saltzman and Keenan (13) . Organic material was oxidized by repeatedly moistening the ash with nitric acid and heating at 300 °C. on a sand bath. The ash was finally made completely water-soluble by dissolving it in hot nitric acid. The acid was then evaporated by diverting a stream of air into the tube. Since Ca 4s and S 35 both emit only soft beta particles with closely similar energies it was necessary to separate these isotopes before counting. This was accomplished by capturing the calcium on small dowex-50 ion exchange columns and then eluting the calcium with EDTA. Radioisotope counting was done with a gas-flow G.M. tube on aliquots of solution dried on planchets to form layers of infinite thinness. Sodium and potassium were determined with a Beckman D.U. flame spectrophotometer. Total muscle calcium content was determined by a modification of the method described by Kingsley and Robnett (8) . Fig. 1 shows the a m o u n t s of labeled perfusate calcium (calcium*) in millimoles/kilo wet weight taken up b y ventricles exposed to the labeling solutions for various lengths of time. In this and subsequent data, the calcium* c o n t e n t of muscle samples was calculated b y dividing m e a s u r e d Ca 45 activity in the muscle sample by the specific activity of Ca 45 in the perfusing solutions containing 1 mM total calcium. In further experiments to be described, the sulfate* content was calculated in the same way. Values for total potassium a n d sodium content of samples are given in millimoles/kilo wet weight.
R E S U L T S

The Time Course of Ca 4~ Uptake
1.6.
It will be observed that the distribution of values for calcium* uptake in normal Ringer's followed a time course which was distinctly different from that in K-free Ringer's. The amount of calcium* taken up from normal Ringer's reached an average value of about 0.75 mM/kg, after 30 minutes of labeling, which was not, on the average, exceeded after 3 hours of labeling. Actually, the data suggest the possibility that a 30 minute peak in calcium* uptake is followed by a decrease in calcium* content followed by a rise back to the peak value. In any event, it would appear that much longer periods of labeling than 3 hours would be required to demonstrate a significant further increase in calcium* taken up from normal Ringer's. Since all ventricles had
." " been equilibrated with normal non-labeled Ringer's prior to labeling, this calcium* uptake must have been mainly due to calcium turnover in the muscle. O n the other hand, the calcium* taken up from K-free Ringer's increased to about twice the normal value in 60 minutes. This extra calcium* uptake could represent either a net increase in cellular calcium content or turnover in a larger pool of cell calcium made accessible by K depletion. In view of the results obtained by Krogh, Lindberg, and Schmidt-Nielsen (9) it is uncertain whether this problem can be resolved by chemical means.
T h e y found that the total calcium content of frog hearts normally ranges from about 2.5 mu/kg, to 4.5 mu/kg, and they were unable to demonstrate an effect of K depletion on total muscle calcium. Such a wide variation among control preparations would certainly mask the differences between experi-I~97 mental and control preparations shown in Fig. 1 even if all the extra calcium* taken up in K-free Ringer's represented a net gain in cellular calcium content. Analyses for total calcium content of 12 unperfused ventricles in this laboratory gave results quite similar to those of Krogh et al. The values ranged from 2.3 mM/kg, to 3.6 m_M/kg, with an average of 2.8 mM/kg. During the initial phase of this investigation it was thought that an increased perfusion rate due to the erratic contractile behavior of hearts perfused with K-free Ringer's might be responsible for the excess calcium* uptake. Initially the rate of perfusion was considerably greater in K-free Ringer's but declined progressively with the onset of contracture. From recordings of the contraction frequency and stroke volume for a number of ventricles it was determined that the K-free perfused hearts actually did exchange a 50 to 100 per cent greater volume of perfusate over a 60 minute period. However, an increased rate of perfusion and stimulation did not increase the calcium* uptake of ventricles perfused with normal Ringer's. A pair of ventricles stimulated at a rate of 60 stimuli per minute was perfused simultaneously with a pair stimulated at the usual rate of 20 stimuli per minute for a period of 1 hour. The more rapidly stimulated pair, instead of taking up more calcium* actually took up 15 per cent less than the controls. Several attempts were also made to label mechanically perfused ventricles in the absence of stimulation and conduction, but in all cases these ventricles beat spontaneously at a rate of nearly 20 contractions per minute and isotope analyses were not performed.
The gradual development of contracture in K-free Ringer's generally proceeded along a time course as follows: Up to the first 30 minutes of perfusion, the ventricles went into a temporary contracture-like condition immediately after each 10 minute addition of fresh K-free perfusate to the cannula. This condition was characterized by a greatly slowed rate of relaxation so that at the stimulation frequency of 20 stimuli per minute the diastolic size remained smaller than normal. However, if the stimulus was withdrawn, full relaxation occurred. After approximately 5 minutes of perfusion (during any one of the early 10 minute perfusion periods) normal contractile behavior began to return; and after 7 or 8 minutes contractions were of large amplitude but otherwise nearly normal. Probably this can be explained as being due to the leakage of potassium from the muscle cells, whereby a significant concentration of K was supplied to the same volume of perfusate (4) . After the third change of perfusate (30 minutes) it was generally noted that the diastolic size did not return to normal and that terminal contracture developed at a variable rate in different preparations from that time on. Perfusion with K-free Ringer's was terminated at 60 minutes because a majority of the ventricles perfused for this length of time were in contracture. The points which are circled in Fig. 1B indicate ventricles which were in complete contracture so that no further perfusion (with K-free Ringer's) was possible. It is apparent that con-
tracture development and excess calcium* uptake followed parallel time courses.
The Reversibility of Contracture and Calcium* Uptake
The contracture caused by K-flee perfusion could be reversed by perfusion with normal K-containing Ringer's provided only that the preparation was able to exchange a small amount of perfusate. Even the condition of terminal contracture, in which no exchange of perfusate normally occurred, was reversible if a small amount of K-containing perfusate was initially forced into the preparation under gentle pressure. Restoration of normal diastolic size generally was complete in about 5 to 15 minutes. In general, it appeared that the time required for restoration of original diastolic size was proportional to the degree of contracture developed. Contractile force was usually greatly depressed during the initial postreversal period so that perfusion was aided mechanically. The data of Fig. 2 show that the calcium* uptake from K-free Ringer's could also be reversed by adding K to the labeling perfusate. However, the magnitude of the effect was not great. In Fig. 2A data are presented for a group of six hearts which were perfused with Ca45-1abeled K-free Ringer's until the onset of contracture was first evident. Following this, three of the hearts were taken down immediately for analysis, and the three remaining hearts were perfused for an additional 30 minutes with an aliquot of the same labeling solution to which 2.5 m u potassium (normal Ringer's concentration) had been added. The added volume of K solution diluted the labeling solution by only 1 per cent, and the extracellular space in the latter three hearts could have contained no more than about 1 per cent of the total K in these samples. Yet the hearts given the additional perfusion with normal Ringer's contained an average of 5 per cent less calcium* and 5 per cent more K than did the controls. In Fig. 2B the procedures followed were the same except that the perfusions were carried out for a longer period of time. Here the hearts given the additional perfusion with normal Ringer's contained 17 per cent less calcium* and 25 per cent more K than the controls.
The contracture due to potassium lack could also be reversed by addition of the disodium salt of ethylenediaminetetraacetic acid (EDTA) to the K-free perfusate in a concentration which was just slightly in excess of the calcium concentration of the perfusate. Even in isotonic glucose, E D T A caused relaxation but at a slower rate. The time required for complete return of normal diastolic size with E D T A (5 to 15 minutes) was the same as was required for reversal by restoration of K to the perfusate. However, treatment with E D T A caused irreversible damage to the muscle cells. When the EDTA solutions were replaced by normal calcium-containing Ringer's, the ventricles within a ~x99 few seconds went into a tight contracture which could be reversed in a few minutes by EDTA; but the contracture which followed E D T A treatment could not be reversed by potassium. This process of contracture in calciumcontaining Ringer's and relaxation by E D T A could be repeated m a n y times 16.
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12' FmuP.E 2. The effect on total potassium and labeled calcium content of ventricles of restoration of K to the K-free labeling solution.
over a period of 30 minutes to an hour but eventually failed, usually with the ventricle remaining in diastole. A possible explanation for this phenomenon is that the EDTA caused a dissolution of the cell membrane through chelation of a portion of the cellular calcium necessary for membrane integrity. Thus, when ionized calcium was returned to the perfusate, this calcium diffused into the cells and activated the contractile machinery in an uncontrolled manner. T h a t this is probably
true is demonstrated by the effect of E D T A on cell permeability as shown in Fig. 3 . Figure 3B shows the effect of E D T A treatment on the calcium*, sulfate*, and K content of ventricles previously perfused with K-free labeled Ringer's to the point of terminal contracture. EDTA (2 mM) was added to the A B cannulas of three of the six ventricles. These were mechanically perfused until relaxation was complete and then immediately taken down for analysis. The external washing and blotting required an additional 2 minutes. The high sulfate* concentration in the EDTA-treated ventricles indicates that the sulfate had penetrated the cell membrane and was distributed throughout the cell water. It had been previously determined that the sulfate* uptake in ventricles perfused with normal Ringer's for periods as long as 3 hours was no greater than 0.25 mM/kg., which indicates that the sulfate ion is normally confined mainly to the extracellular space. The fact that the calcium* content of these ventricles was reduced to a value only slightly greater than the sulfate* content indicates that most of the remaining calcium was probably also distributed mainly in the cell water as the soluble EDTA chelate. In Fig. 3A the same procedure was followed, except that these ventricles were perfused with K-free labeled Ringer's only to the point of incipient contracture (approximately 40 minutes) before adding the EDTA. These preparations were perfused with E D T A for only 1 minute; but as before, another 2 minutes were required for washing and blotting. It is evident that even this short treatment caused a reduction in cellular K content and an increase in the sulfate space.
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The Relationship of Calcium* Uptake to Potassium Loss, Sodium Gain,
and Sulfate* Uptake
In Fig. 4 the content of calcium*, sulfate*, total potassium, and total sodium in the muscle is plotted for two groups of perfused ventricles from the same shipment of frogs when conditions were kept as nearly identical as possible on successive days. Each vertical series of points on the graphs represents analyses from single ventricles. As shown in Fig. 4B the uptake of extra calcium* approximately coincided with a loss of K and an uptake of Na. More data on these relationships are presented in Tables I and II , which give the contents of K, Na, and calcium* in groups of ventricles perfused with the labeling solutions for various lengths of time. From Table I it can be seen that there was no net change in the K content of the normally perfused ventricles throughout the perfusion period whereas the ventricles perfused for 60 minutes in K-free Ringer's suffered a net K loss of about 25 mu/kg. As shown in Table II the K which was lost was mainly replaced by Na. Another fact apparent from the data as presented in Table I is that during the first 30 or 40 minutes of labeling there was a reciprocal relationship in each group of ventricles between the amount of calcium* taken up and the total K content of the ventricle. On the right side of Table I the deviation in K content of the individual from the mean of its group has been paired with its deviation in amount of calcium* taken up. As can be seen, these deviations are inversely related (approximately in the ratio Ca* :K = 1 : 100) up to about 40 minutes of labeling. The interpretation of this is uncertain. An examination of Fig. 4 will show that the incorporation of perfusate calcium* into the muscle fibers is quite rapid. Probably the early calcium* incorporation occurs mainly by exchange with calcium bound to the muscle fiber surfaces. Thus, the reciprocal
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deviations noted in Table I could indicate that the cellular K content is to some extent inversely related to the number of calcium binding sites in the muscle fiber surfaces. 
Evidence for Calcium* Influx
When compared to the data of Table I I I A, the data of Table I during the washout period and the rate of perfusion was identical in all the preparations during this time except for the initial few minutes. An extracellular space of 18 per cent was assumed throughout Table I I I ; and in Table I I I B it was also assumed that the calcium* concentration in the extracellular fluid could be neglected. Apparently the duration of the washout period was sufficiently long to reverse the changes in cellular Na and K content which would have resulted
Perfused with normal Ringer's for 60 mir. (from groups 7 and 8 of Table I) CI. Perfused with K+-free Ringer's for 60 rain. (from group 17 of Table I ) from K-free perfusion. In spite of this, the amount of calcium* retained by the K-free labeled ventricles after washout was significantly greater than that retained by the controls. One interpretation could be that K depletion causes perfusate calcium to be bound to the cell surface in a less easily reversible complex. However, the inverse relationship between K content and early calcium* uptake noted in Table I would seem to argue against this. Other alternatives are that K depletion either increases the rate of calcium turnover between the perfusate and an intracellular compartment or else causes a net intracellular calcium increase by upsetting the balance between influx and effiux. In support of the latter alternative, the data of Fig. 2 when considered as a whole indicate that the calcium* uptake during K depletion is reversible at a constant extracellular calcium* concentration. This is evidence that, to some extent, a net increase in cellular calcium content does occur during K depletion. Caviezel, Koller, and Wilbrandt (3) have suggested as a result of their quantitative study of the contractile effects of K and calcium on frog ventricles that K lack inhibits the active effiux transport of calcium.
D I S C U S S I O N
In view of the fact that E D T A reverses the K lack contracture and at the same time increases the permeability of the muscle fibers it seems certain that a shift in the intracellular K or Na concentration could not be the ultimate cause of the contracture. Most probably the reversal of contracture by E D T A is due to the chelation of calcium thus causing calcium to dissociate from critical binding sites which are part of the contractile system. It is not known whether E D T A actually enters the muscle fibers during relaxation but this might not be necessary. Bianchi and Shanes (1) have suggested that calcium influx in skeletal muscle fibers occurs through an inward chain reaction displacement of bound calcium along the Z disks. If this is true for heart muscle then a removal of surface-bound calcium by E D T A might be sufficient to cause a migration of calcium ions outward along these structures. There is an increasing amount of evidence that contraction of muscle is initiated by the combination of calcium with an intracellular relaxing factor (5). The K lack contracture could thus be the result of a sustained combination of calcium with this factor. As a possible means for bringing this about, it could be assumed that K and calcium compete reversibly for binding sites on this factor so that a lowered intracellular K concentration would increase the amount of factor combined with calcium. Partial support for this hypothesis would seem to come from an experiment reported by Niedergerke in which calcium in KC1 solution was injected into muscle fibers by electrolytic transport through a micropipette (10) . A local contracture occurred at the tip of the pipette as long as calcium and K were moving into the protoplasm; but upon stopping the influx of these ions, relaxation occurred.
